We report the recovery of a 7068-nt viral sequence from the "viral fossils" embedded in the genome of Alhagi sparsifolia, a typical desert plant. Although the full viral genome remains to be completed, the putative genome structure, the deduced amino acids and phylogenetic analysis unambiguously demonstrate that this viral sequence represents a novel species of the genus Badnavirus. The putative virus is tentatively termed Alhagi bacilliform virus (ABV). Southern blotting and inverse polymerase chain reaction (PCR) data indicate that the ABV-related sequence is integrated into the A. sparsifolia genome, and probably does not give rise to functional episomal virus. Molecular evidence that the ABV sequence exists widely in A. sparsifolia is also presented. To our knowledge, this is the first endogenous badnavirus identified from plants in the Gobi desert, and may provide new clues on the evolution, geographical distribution as well as the host range of the badnaviruses.
Introduction
Badnaviruses, members of the plant virus family Caulimoviridae, possess an open-circular doublestranded DNA genome of 7-8 kb with non-enveloped bacilliform particles (Fauquet et al., 2005) . So far, forty species are assigned to the Badnavirus genus (Bhat et al., 2016) , which include Commelina yellow mottle virus (ComYMV) as the type species (Medberry et al., 1990) . The badnaviruses are known to be transmitted through vegetative propagation and via vector insects such as mealybug and aphid (Harper et al., 2004; Geering et al., 2005a; Laney et al., 2012; Seal et al., 2014; Bhat et al., 2016) .
Their typical genome structure consists of three open reading frames (ORFs) solely on the plus strand (Xu et al., 2011) . ORF1 and ORF2 encode proteins of unclear function(s), but previous studies have suggested that the ComYMV ORF1-and ORF2-encoded proteins are associated with the cell-wall-enriched fraction and with virions (Cheng et al., 1996) , and that the Cacao swollen shoot virus (CSSV) ORF2 encodes a nucleic acid-binding protein (Jacquot et al., 1996) . ORF3, the largest ORF, encodes a about 200-kDa polyprotein which contains conserved domains of movement protein (MP), aspartic protease (AP), a cysteine-rich zinc finger-like RNA-binding region (RB), a second cysteine-rich region (2nd CR), reverse transcriptase (RT), and ribonuclease H (RNaseH) (Medberry et al., 1990; Tzafrir et al., 1997; Wang et al., 2014; Kazmi et al., 2015) . The conserved domains, particularly the RT-RNaseH, are usually employed to discriminate between viruses within the Badnavirus genus (King et al., 2012) . The polyprotein is specifically hydrolyzed by AP, resulting in four to five mature proteins related to viral movement and replication as well as virion packaging (Medberry et al., 1990; Jacquot et al., 1996; Hohn et al., 1997; Tzafrir et al., 1997; Hany et al., 2014) . Like other members of the family Caulimoviridae, which are referred to as endogenous pararetroviruses (EPRVs), many badnaviruses also embed their genomes into host nuclear DNA (Geering et al., 2001 (Geering et al., , 2005a (Geering et al., , 2005b Harper et al., 2002; Philippe and Marie, 2009; Chabannes et al., 2013; Iskra-Caruana et al., 2014; Seal et al., 2014) . It is proposed that this nuclear integration takes place by illegitimate recombination during DNA double strand break repair in the host genome (Staginnus and RichertPöggeler, 2006; Laney et al., 2012) . The resulting integrants usually present diverse and complex structures, possibly because sequence rearrangement such as tandem repeat, inversion, duplication, and fragmentation occurs in the integrated viral genome (Hull et al., 2000; Umber et al., 2014) . The integrants derived from most of the identified badnaviruses, including Fig badnavirus 1 (FBV-1) , Kalanchoë top-spotting virus (KTSV), and Dracaena mottle virus (DrMV), have been considered to be non-infectious (Yang et al., 2005; Su et al., 2007; Laney et al., 2012; Iskra-Caruana et al., 2014) . Only integrants of Banana streak GF virus (BSGFV), Banana streak OL virus (BSOLV), and Banana streak IM virus (BSIMV) that infect the Musa species have been found to be activated as episomal infectious viruses when crossing or on abiotic stresses (Gayral et al., 2008; Chabannes et al., 2013) .
The hosts of the known badnaviruses range from monocots to dicots, most of which are tropical and subtropical plants, including banana, potato, black pepper, citrus, cocoa, sugarcane, taro, and yam, as well as a few temperate crops such as red raspberry, gooseberry, and ornamental spiraea (Harper et al., 2002; Hansen et al., 2005; Staginnus and RichertPöggeler, 2006; Bhat et al., 2016) . Therefore, the majority of the badnaviruses are distributed in tropical and subtropical climate zones, with a few in some temperate regions (Bhat et al., 2016) .
Alhagi sparsifolia Shap. is a perennial subshrub belonging to the family Leguminosae, which grows in desert climates and is naturally distributed in the Gobi desert of Northwest China and adjacent countries in Middle Asia. Recent high-resolution RNA sequencing (RNA-Seq) of the primary roots of A. sparsifolia (Wu et al., 2015) suggested the presence of a badnavirus. We initiated our study to determine the genome of this badnavirus, tentatively named Alhagi bacilliform virus (ABV), and have provided evidence that it is novel and is integrated in the A. sparsifolia genome. To our knowledge, ABV is the first badnavirus identified from a plant growing only in the Gobi desert, thus extending the geographical distribution of the badnaviruses.
Materials and methods

Plant materials
A. sparsifolia seeds collected from Taklamakan of the Xinjiang Uygur Autonomous Region, Northwest China and previously subjected to RNA-seq analyses (Wu et al., 2015) were used to clone the putative ABV sequence. To explore the distribution of the putative badnavirus in A. sparsifolia, more seeds were collected individually from 11 different places in Northwest China: ten from the Xinjiang Uygur Autonomous Region (Shihezi, Hutubi, Luntai, Manas Lake, Kuytun, Cele, Wensu, Yopurga, Wushi, and Alal) and one from Gansu Province (Minqin). As described by Wu et al. (2015) , the seeds were first treated with concentrated sulfuric acid, and were then cultured in sterilized dishes with a layer of fully wetted filter paper in the dark at 25 °C. After 7 d, the seedlings were harvested and stored at −80 °C until use.
Total DNA extraction
By using the cetyltrimethylammonium bromide (CTAB) method (Gawel and Jarret, 1991) , the total DNA of A. sparsifolia was extracted from 100 mg of the 7-d old seedlings, and was subsequently treated with RNase A (1 mg/ml) at 65 °C for 60 min. Following two extractions with chloroform-isoamyl (24:1, v/v), the DNA was precipitated and resuspended in a final volume of 40 μl sterile distilled deionized H 2 O and stored at −20 °C until use.
Genome cloning and assembly
Nine primer sets (Table S1 ) were designed to generate polymerase chain reaction (PCR) products covering the entire putative genome of ABV following a genome walking strategy. PCR was performed using the total DNA prepared from A. sparsifolia seedlings from Taklamakan as a template. At least five independent clones were sequenced for each amplified product. A continuous nucleotide sequence ( Fig. 1a ; GenBank accession KY034642) was assembled with the overlapping clones (Figs. 1b and 1c) using DNAMAN Version 5.2.2 (Lynnon Biosoft, Montreal, QC, Canada). ORF finder (http://www.ncbi.nlm.nih. gov/projects/gorf) was used to identify the putative ORFs in the assembled viral genome. The theoretical molecular weights (MWs) of the deduced proteins were calculated using ExPASy (http://web.expasy.org/ compute_pi), and a CD-search (http://www.ncbi.nlm. nih.gov/Structure/cdd/wrpsb.cgi) was employed to identify conserved domains within the protein sequences.
Sequence analysis
Multiple sequence alignments were performed on nucleotide (nt) or deduced amino acid (aa) sequences of the putative ABV and those of the representative members in the genus Badnavirus using DNAMAN Version 5.2.2 (Lynnon Biosoft, Montreal, QC, Canada). Phylogenetic analysis was inferred on the 579-nt RT-RNaseH-coding region, the 456-nt APcoding region, and the 816-nt coat protein (CP)-coding region of ABV, and 40 known badnaviruses, whose names and sequence accession numbers are listed in Table S2 . Strawberry vein banding virus (SVBV) of the genus Caulimovirus was used as an outgroup since it is one of the most closely related non-badnavirus members of the family Caulimoviridae. The phylogenetic tree was built with MEGA6 using the neighbor joining method (Tamura et al., 2011) . The significance of branching order was assessed by bootstrap resampling of 1000 replicates, and the cut-off value was 50%.
Southern blotting analysis
Total DNA (30 μg) prepared from the 7-d old seedlings was fully digested overnight with 100 U of XbaI or HindIII, which does not cut the sequence of the RT-RNaseH domain within ABV. The digested DNA samples, along with the equivalent amount of untreated total DNA, were separated in a 0.8% (0.008 g/ml) agarose gel, and immediately transferred to the Hybond N + membrane (GE Healthcare, Life Sciences, Indianapolis, USA). Following prehybridization, the membrane was hybridized overnight at 65 °C with the 32 P-labeled probes prepared from the 579-nt RTRNaseH-coding region of ABV using the Primea-Gene ® kit (Promega, Madison, WI, USA). The membrane was washed twice in 0.5× saline-sodium citrate (SSC) and 0.1% (1 g/L) sodium dodecyl sulfide (SDS) at 65 °C for 30 min, and exposed to X-ray film at −80 °C. Developing and fixing were performed after 2-3 d.
Inverse PCR
Total DNA (2 μg) prepared from the 7-d-old seedlings was completely digested overnight with 20 U of XbaI. After chloroform extraction and ethanol precipitation, 1 μg of the XbaI-digested DNA was ligated at 16 °C in a volume of 500 μl containing 10 μl T 4 DNA ligase overnight. The resulting ligation product was further precipitated with ethanol, and was resuspended in 10 μl of sterile distilled deionized H 2 O. One microliter of the purified ligation product was immediately used as a template to perform the 1st round of PCR in a 50-μl reaction volume with the primer pair IR1-F/IR1-R. The 2nd round of PCR was conducted with 1 μl of a 200-fold dilution of the primary PCR product with the nested primer pair IR2-F/IR2-R (Table S1 ). The PCR conditions were as follows: initial denaturation at 95 °C for 5 min, 35 cycles at 95 °C for 30 s, 52 °C for 30 s, and 72 °C for 3 min, and final extension at 72 °C for 10 min. PCR products were analyzed by electrophoresis in 1% (0.01 g/ml) agarose gel, and a band with the expected size of approximately 3 kb was purified and ligated into the pMD18-T Vector (TaKaRa, Dalian, China) for sequencing.
Amplification of the nucleotide sequence of the RT-RNaseH domain
With a degenerate primer pair Badna-FP/Badna-RP, as show in Table S1 (Yang et al., 2003) , the PCR amplification was performed in a 50-μl reaction volume containing LA Taq DNA polymerase (TaKaRa) as well as a 50-ng DNA template prepared from A. sparsifolia seedlings from Shihezi, Hutubi, Luntai, Manas Lake, Kuytun, Cele, Wensu, Yopurga, Wushi, Alal, and Minqin. The PCR conditions were as follows: initial denaturation at 95 °C for 5 min, 35 cycles at 95 °C for 30 s, 50 °C for 30 s, and 72 °C for 40 s, and final extension at 72 °C for 10 min. PCR products were analyzed by 1% agarose gel electrophoresis, and a band with the expected size of approximately 580 bp was purified and ligated into the pMD18-T Vector (TaKaRa). After transformation, the positive clones were screened for sequencing.
Results and discussion
A putative badnavirus found in A. sparsifolia
Using RNA-Seq, we recently constructed a transcriptome database containing 33 255 unigenes with the polyadenylated RNAs purified from the primary roots of A. sparsifolia from Taklamakan (Wu et al., 2015) . By BlastX searching against the NCBI nr database, two unigenes, comp6965_c1 with a 246-bp length and comp22399_c0 with a size of 10 144 bp, were identified to have homology with the genome of Pagoda yellow mosaic associated virus (PYMAV; GenBank accession KJ013302.1), a known badnavirus. The comp6965_c1 matches with nt 3526 to 3771 of PYMAV with an identity of approximately 63%. For comp22399_c0, the fragment ranging from nt 1 to 1136 matches with nt 847 to 2004 of PYMAV genome with an identity of approximately 50%, and the complementary sequence of nt 1950 to 4547 matches with nt 4224 to 6903 of PYMAV genome with an identity of 55%. The three badnavirus-like sequences were successfully cloned through PCR amplification with the corresponding primer pairs (Table S1) , and were individually termed as B1, B2, and B3 (Fig. 1b) . It is worth emphasizing that total DNA of A. sparsifolia from Taklamakan was used as the PCR template. These data collectively implied that the A. sparsifolia plant might harbor a badnavirus, which was tentatively named as ABV.
In order to fill gaps between the three known sequences of ABV, five sets of primer pairs (Table S1) were further designed and used to perform PCR amplification. Due to the circular genome of the badnaviruses, the primer pair of A1-F/A1-R was used to amplify the viral sequence harboring the intergenic region (IR). The obtained overlapping PCR products, along with nucleotide sequences B1, B2, and B3, were assembled, finally resulting in a continuous nucleotide sequence (7068 nt) with a G+C content of 46.9% (Fig. 1) .
The IR regions of the badnaviruses are known to have a putative plant initiator methionine transfer RNA (tRNA met )-binding site, the first nucleotide of which is usually used to start numbering the viral genome (Geijskes et al., 2002; Yang et al., 2003; Seal and Muller, 2007; Su et al., 2007; Kazmi et al., 2015) . Because the initial 12 nucleotides (5'-TGGTATCA GAGC-3') of the putative tRNA met -binding site are conserved in plant pararetroviruses, we analyzed the 7068-nt sequence by first searching for the 12 conserved nucleotides from the IR region of the assembled ABV sequence. Unfortunately, no nucleotide representing the 12-nt conserved sequence was detected, indicating that the 7068-nt ABV sequence may represent an incomplete viral genome. We, therefore, tentatively numbered the start of the ABV sequence by comparing it with the putative IR of ABV and the known badnaviruses. This needs to be refined.
Typically, the badnavirus genome encompasses three ORFs (ORF1, ORF2, and ORF3) on the plus strand (Bhat et al., 2016) . Further analysis of the coding capacity of the ABV sequence identified no ORF1, probably due to the incomplete genome (Fig. 1a) . However, the fragment ranging from nt 508 to 936 should be of the ABV ORF2 (Fig. 1a) . The deduced protein comprises 142 aa with an MW of 16.2 kDa, and has the highest similarity at 34.9% with the putative protein encoded by the PYMAV ORF2. The fragment from nt 936 to 6573 was thought to represent the ABV ORF3, although its coding capacity was interrupted by multiple internal stop codons. The amino acids deduced from this fragment contain domains of CP, AP, RT, RNaseH as well as two "Cys" motifs, RB and 2nd CR (Figs. 1a and 2) , which are conserved in the polyproteins encoded by the ORF3 of the known badnaviruses (Medberry et al., 1990; Tzafrir et al., 1997; Wang et al., 2014; Kazmi et al., 2015) . In addition, the nt 6138-6620 of ABV potentially encoded for a 160-aa protein with an MW of 17.8 kDa (Fig. 1a) , and was assumed as the counterpart of the PYMAV ORF4 (Wang et al., 2014) , because BLASTP analysis showed that this putative protein only produces significant alignment with the PYMAV ORF4-encoded protein.
Despite the absence of the putative tRNA metbinding site and ORF1, the remaining genetic properties of this incomplete ABV genome demonstrated conclusively that ABV is indeed a badnavirus. According to the species demarcation criteria of the International Committee on Taxonomy of Viruses (ICTV) (King et al., 2012) , badnaviruses with less than 80% nucleotide sequence identity or 89% amino acid sequence identity in the RT-RNaseH-coding region are regarded as species. In the current study, comparison of the putative RT-RNaseH of ABV with the same domain of the known badnaviruses exhibited amino acid sequence identities ranging from 57% to 72% and nucleotide sequence identities from 58% to 65% (Table 1 ), suggesting that ABV is a novel member of the genus Badnavirus.
Phylogenetic analysis of the conserved domains within the putative polyprotein of ABV
The relationship between the putative ABV with the other members of the genus Badnavirus and SVBV, a member of the genus Caulimovirus, was further estimated using nucleotide sequences of RT-RNaseH, CP, and AP for phylogenetic analyses. The inferred phylogenetic trees disclosed that ABV was always clustered with the badnaviruses, supporting placement of this virus within the genus Badnavirus. The RT-RNaseH domains of ABV and PYMAV cluster together as part of a larger cluster including the RT-RNaseH domains of nine distinct badnaviruses, BbVF, PVBV, DrMV, YNMoV, BsCVBV, GVCV, RYNV, TaBV, and GVBaV, as do the CP of ABV and PYMAV (Figs. 3a and 3b) . A large cluster was also viewed in the AP-inferred phylogenetic tree, the only difference being that the AP of CyNLV, rather than TaBV, was included in this cluster (Fig. 3c) . These data suggest the close relationship of ABV with the badnaviruses, in particular, PYMAV, the host of which also belongs to the family Leguminosae (Wang et al., 2014) .
Integration of the ABV sequence into the A. sparsifolia genome
Many, if not all, badnaviruses are known to have integrants in their respective host plant genomes (Geering et al., 2001 (Geering et al., , 2005a (Geering et al., , 2005b Philippe and Marie, 2009; Chabannes et al., 2013; Iskra-Caruana et al., 2014; Seal et al., 2014) . To test whether ABV is endogenous to the A. sparsifolia genome, Southern blotting was performed to analyze the untreated total DNA from Taklamakan A. sparsifolia with the 32 P-labeled probes corresponding to the RT-RNaseH-coding region of ABV. As shown in Fig. 4a , the undigested total DNA sample yielded a unique hybridized band at the location of the A. sparsifolia genomic DNA rather than at the location (about 8 kb) expected for the ABV genome, suggesting nuclear integration of the ABV sequence. One Table S2 . These are unrooted trees might argue that no hybridized band corresponding to the unit length of the ABV genome was detected because there is too little, if any, episomal virus in the plant to be detected. However, considering the seriously interrupted coding capacity of the ABV ORF3 (Fig. 1) , the endogenous ABV sequences should be incapable of giving rise to a functional episomal virus, but may present as long-lasting imprints within the A. sparsifolia genome, known as "viral fossils" (Feschotte and Gilbert, 2012) . In accordance with this hypothesis, no product was generated with rolling circle amplification (RCA) to test the total DNA prepared from A. sparsifolia of Taklamakan (data not shown). Therefore, the recovered 7068-nt ABV sequence may reflect an ancient badnavirus that was once active but now silenced in A. sparsifolia. In addition, the same probes were also used to analyze the restriction endonuclease-digested total DNA of A. sparsifolia. The resulting data disclosed that, for the HindIII-digested DNA, only a fragment of about 4.5 kb was detected (Fig. 4a, Lane 2) . However, the XbaI-digested DNA gave rise to two discrete bands at approximately 6.5 and 3.0 kb (Fig. 4a, Lane 3) , indicating at least two copies of the ABV elements in the A. sparsifolia genome. To further verify the endogenous nature of the ABV-related elements, we further designed two nested primer pairs according to the 579-nt RT-RNaseH-coding region of ABV, which was used to prepare the labeled probes for Southern blotting as described above, and employed the approach of inverse PCR to clone the DNA fragments representing the lower hybridization band from the XbaI-digested DNA. As expected, a 2925-bp DNA fragment (GenBank accession KY677913) was obtained, and sequence analysis (Fig. 4b) showed that this DNA fragment comprises a viral element corresponding to nt 5052 to 5946 of the putative ABV, which is flanked by the plant genome sequences "a" and "b" sharing homology with nt 3220 to 3480 and nt 2295 to 3173 of Medicago truncatula chromosome 8 clone mth2-6f11 (GenBank accession AC151460), respectively. This DNA fragment was further confirmed by a PCR analysis across the virus-plant junctions with a primer pair VPJ-F/VPJ-R (Table S1) anchored to the plant genome sequences "a" and "b".
Taken together, these data provide additional evidence for the integration of the ABV sequence into the A. sparsifolia genome, and indicate that the (Table S1) were designed based on nt 5203-5781 (the putative RT-RNaseH-coding region) of ABV. A 2925-bp endogenous ABV element was cloned, its position in the putative ABV genome is shown, and the grey bars "a" and "b" represent the right and left flanking plant genome sequences, respectively integrated ABV sequence underwent complex sequence rearrangement, like integrants of other badnaviruses (Geering et al., 2001; Gregor et al., 2004; Umber et al., 2014) . In accordance with this hypothesis, one DNA fragment encompassing nt 1-79, 712-795, 904-2283, and 6653-7055 of the 7059-nt ABV sequence was cloned using the primer pair of A1-F/A1-R (data not shown).
Widespread presence of the ABV sequence in A. sparsifolia
The presence of ABV in A. sparsifolia from Taklamakan prompted us to explore the distribution of the endogenous virus in this plant species. We subjected A. sparsifolia seedlings from 11 different places in Northwest China, Shihezi, Hutubi, Luntai, Manas Lake, Kuytun, Cele, Wensu, Yopurga, Wushi, Alal, and Minqin, to PCR detection using the degenerate primer pair Badna-FP and Badna-RP (Yang et al., 2003) . Except for seedlings from three adjacent places (Wensu, Wushi, and Alal), the RT-RNaseH-coding region of ABV was amplified from all tested samples, showing widespread presence of this badnavirus in A. sparsifolia (Fig. 5) . We could not rule out the possibility that the ABV-related sequence is embedded in the genome from plants in Wensu, Wushi, and Alal, but that we were unable to detect it because of sequence rearrangement within the entire RT-RNaseHcoding region.
Conclusions
This study reports evidence for an ancient endogenous badnavirus, tentatively termed ABV, in A. sparsifolia, a typical desert plant which differs from the known badnavirus hosts which are tropical, subtropical, and temperate plants. While the full genome sequence of ABV remains to be completed, the 7068-nt viral sequence recovered from the endogenous badnavirus elements in A. sparsifolia may shed fresh light on the evolution, geographical distribution as well as the host range of the badnaviruses. Dating of the endogenization event of ABV may not be possible. However, it seems to have occurred after the speciation of A. sparsifolia because no ABV sequence has so far been identified from 15 Leguminosae species with complete genomes available in GenBank. The endogenous badnavirus sequences in A. sparsifolia imply a potential contribution to the complexity and evolution of the host genome, and merit further investigation. The RT-RNaseH-coding region of ABV was detected in A. sparsifolia seedlings from nine different places of the Xinjiang Uygur Autonomous Region and Gansu Province, China, except for those from Wensu, Wushi, and Alal, the three adjacent places which are circled with dashed lines
